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(54) SPECIMEN MACHINING DEVICE AND SPECIMEN MACHINING METHOD

(567) A specimen machining device for machining a
specimen by irradiating the specimen with an ion beam
includes an ion source for irradiating the specimen with
the ion beam, a shielding member disposed on the spec-
imen to block the ion beam, a specimen stage for holding
the specimen, acamera for photographing the specimen,
a coaxial illumination device for irradiating the specimen
with illumination light along an optical axis of the camera,
and a processing unit for determining whether to termi-

nate the machining based on an image photographed by
the camera, wherein the processing unit performs
processing for acquiring information indicating a target
machined width, processing for acquiring the image,
processing for measuring a machined width on the ac-
quired image, and processing for terminating the machin-
ing when the measured machined width equals or ex-
ceeds the target machined width.
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Description
BACKGROUND OF THE INVENTION

[0001] The presentinventionrelatestoaspecimen ma-
chining device and a specimen machining method.
[0002] A Cross Section Polisher (registered trade-
mark) for machining a cross-section of a specimen, an
lon Slicer (registered trademark) for preparing a thin film
specimen, and so on are available as specimen machin-
ing devices for machining a specimen using anion beam.
[0003] For example, JP-A-2012-193962 discloses a
specimen preparation device for preparing a thin film
specimen for use in a transmission electron microscope
by disposing a shield belt on a bulk specimen, irradiating
the specimen with an ion beam through the shield belt,
and ion milling the part not shielded by the shield belt.
[0004] In JP-A-2012-193962, an etched cross-section
of the specimen is photographed by a CCD camera, and
an ion milling completion determination circuit monitors
change in the shape of the specimen. When the ion mill-
ing completion determination circuit detects that a
through hole has opened in the specimen, emission of
the ion beam is stopped.

[0005] In this type of specimen machining device, a
two-stage milling method is known as a method for pre-
paring a specimen used to observe a structure such as
wiring or a transistor, for example, formed on a wafer
front surface from a cross-section direction. In the two-
stage milling method, primary milling is performed to re-
duce the overall thickness of the specimen, and second-
ary milling is performed to reduce the thickness to a point
at which the wafer front surface, on which the structure
serving as the observation target is formed, can be ob-
served under a transmission electron microscope.
[0006] In the primary milling, the specimen is disposed
under the shield belt and the ion beam is emitted from
the wafer front surface side. In the secondary milling, the
specimen is turned upside down and the ion beam is
emitted from the wafer rear surface side. At this time, the
ion beam is emitted directly onto the specimen, without
using the shield belt. As a result, the specimen gradually
becomes thinner from the wafer front surface side. In the
secondary milling, machining is performed until the target
structure reaches a thickness at which observation there-
of under a transmission electron microscope becomes
possible.

[0007] By performing primary milling and secondary
milling in this manner, itis possible to prepare a specimen
that can be subjected to cross-sectional observation.
[0008] In the primary milling, the machining must be
stopped at a desired machined width. It is therefore nec-
essary to configure the specimen machining device so
that the machined width can be measured accurately and
the timing at which to terminate the machining can be
determined accurately.
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SUMMARY

[0009] Accordingtoafirstaspectoftheinvention, there
is provided a specimen machining device for machining
a specimen by irradiating the specimen with anion beam,
the specimen machining device including:

an ion source for irradiating the specimen with the
ion beam;

a shielding member disposed on the specimen to
block the ion beam;

a specimen stage for holding the specimen;

a camera for photographing the specimen;

a coaxial illumination device for irradiating the spec-
imen with illumination light along an optical axis of
the camera; and

a processing unit for determining whether to termi-
nate the machining based on an image photo-
graphed by the camera,

the processing unit performing processing for:

acquiring information indicating a target ma-
chined width;

acquiring the image;

measuring a machined width on the acquired
image; and

terminating the machining when the measured
machined width equals or exceeds the target
machined width.

[0010] According to a second aspect of the invention,
there is provided a specimen machining method using a
specimen machining device for machining a specimen
by irradiating the specimen with an ion beam, the spec-
imen machining method including:

acquiring information indicating a target machined
width;

acquiring an image of the specimen by illuminating
the specimen using coaxial illumination and photo-
graphing the specimen;

measuring a machined width on the acquired image;
and

terminating the machining when the measured ma-
chined width equals or exceeds the target machined
width.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF
THE DRAWING

[0011]

FIG. 1 is a diagram illustrating a configuration of a
specimen machining device according to an embod-
iment of the invention.

FIG. 2 illustrates primary milling.

FIG. 3 illustrates primary milling.

FIG. 4 illustrates primary milling.



3 EP 4 098 995 A1 4

FIG. 5 illustrates an example of an image photo-
graphed by a camera.

FIG. 6 illustrates secondary milling.

FIG.7 is aschematic cross sectionillustrating a man-
ner in which a specimen is machined during second-
ary milling.

FIG. 8 schematically illustrates a cursor for specify-
ing a position in which to measure a machined width.
FIG. 9 is a flowchart illustrating an example of pri-
mary milling processing.

FIG. 10 schematically illustrates an image photo-
graphed by a camera.

FIG. 11 illustrates processing for measuring a ma-
chined width.

FIG. 12 illustrates processing for measuring a ma-
chined width.

FIG. 13 illustrates processing for measuring a ma-
chined width.

FIG. 14 illustrates processing for measuring the size
of a gap.

FIG. 15 illustrates a method for predicting a machin-
ing completion time.

FIG. 16 is a graph plotting coordinates of a position
P1 and coordinates of a position P2.

FIG. 17 illustrates processing for specifying a target
position.

FIG. 18 is a flowchart illustrating an example of sec-
ondary milling processing performed by an informa-
tion processing device.

FIG. 19 schematically illustrates an image photo-
graphed by a camera.

FIG. 20 illustrates processing for detecting an edge
of a lower end of a machined region.

FIG. 21 illustrates processing for drawing an edge
of a machined region in a predetermined color.
FIG. 22 illustrates processing for detecting a hole
formed in a machined region.

FIG. 23 illustrates processing for detecting a hole
formed in a machined region.

FIG. 24 illustrates processing for drawing a hole in
a predetermined color.

FIG. 25is a graph illustrating a relationship between
a remaining film thickness and an elapsed time from
start of machining.

FIG. 26 is a flowchart illustrating a modified example
of secondary milling processing performed by an in-
formation processing device.

FIG. 27 is a diagram illustrating a configuration of a
specimen machining device according to the third
modified example.

FIG. 28 schematically illustrates an image photo-
graphed by a camera of a specimen prior to machin-
ing.

FIG. 29is aflowchartillustrating an example of spec-
imen machining processing.

FIG. 30 illustrates processing for measuring a ma-
chined width.

FIG. 31 illustrates a modified example of a method
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for setting a position in which to measure a machined
width.

DETAILED DESCRIPTION OF THE EMBODIMENT

[0012] According to an embodiment of the invention,
there is provided a specimen machining device for ma-
chining a specimen by irradiating the specimen with an
ion beam, the specimen machining device including:

an ion source for irradiating the specimen with the
ion beam;

a shielding member disposed on the specimen to
block the ion beam;

a specimen stage for holding the specimen;

a camera for photographing the specimen;

a coaxial illumination device for irradiating the spec-
imen with illumination light along an optical axis of
the camera; and

a processing unit for determining whether to termi-
nate the machining based on an image photo-
graphed by the camera,

the processing unit performing processing for:

acquiring information indicating a target ma-
chined width;

acquiring the image;

measuring a machined width on the acquired
image; and

terminating the machining when the measured
machined width equals or exceeds the target
machined width.

[0013] With this specimen machining device, the spec-
imen is illuminated by coaxial illumination, and therefore
inclined surfaces sandwiching a machined region can
easily be specified on the image. As a result, with this
specimen machining device, the machined width can be
measured accurately, and the timing at which to termi-
nate the machining can be determined accurately based
on the machined width.

[0014] According to an embodiment of the invention,
there is provided a specimen machining method using a
specimen machining device for machining a specimen
by irradiating the specimen with an ion beam, the spec-
imen machining method including:

acquiring information indicating a target machined
width;

acquiring an image of the specimen by illuminating
the specimen using coaxial illumination and photo-
graphing the specimen;

measuring a machined width on the acquired image;
and

terminating the machining when the measured ma-
chined width equals or exceeds the target machined
width.
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[0015] With this specimen machining method, the
specimen is illuminated by coaxial illumination, and
therefore inclined surfaces sandwiching a machined re-
gion can easily be specified on the image. As a result,
with this specimen machining method, the machined
width can be measured accurately, and the timing at
which to terminate the machining can be determined ac-
curately based on the machined width.

[0016] Preferred embodiments of the invention are de-
scribed in detail below with reference to the drawings. It
is noted that the following embodiments do not unduly
limit the scope of the invention as stated in the claims.
In addition, all of the components described in the follow-
ing embodiments are not necessarily essential require-
ments of the invention.

1. Specimen Machining Device

[0017] First, a specimen machining device according
to an embodiment of the invention will be described with
reference to the figures. FIG. 1 is a diagram illustrating
a configuration of a specimen machining device 100 ac-
cording to this embodiment. FIG. 1 illustrates an X axis,
a'Y axis, and a Z axis as three mutually orthogonal axes.
[0018] The specimen machiningdevice 100is a device
for preparing a specimen used for observation or analysis
by irradiating a specimen 2 with an ion beam IB in order
to machine the specimen 2. With the specimen machin-
ing device 100, it is possible to prepare a thin film spec-
imen that can be observed under a transmission electron
microscope.

[0019] Asillustratedin FIG. 1, the specimen machining
device 100 includes an ion source 10, a control circuit
12, a specimen stage 20, a shielding member 30, a trans-
mission illumination device 40, an illumination dimming
circuit 42, a coaxial ilumination device 44, anillumination
dimming circuit 46, an optical system 50, a camera 60,
an information processing device 70 (an example of a
processing unit), and a display unit 80.

[0020] Theionsource 10irradiatesthe specimen 2 with
the ion beam IB. The ion source 10 is attached to an
upper portion of a chamber, not shown in the figures, so
as to emit the ion beam IB onto the specimen 2 housed
inthe chamber. Theinterior of the chamberisin avacuum
state. For example, the ion source 10 is an ion gun that
emits the ion beam IB by accelerating ions at a prede-
termined acceleration voltage. The ion source 10 emits
the ion beam IB along the Z axis. When irradiating the
specimen 2 with the ion beam IB, the ion source 10
swings using a parallel axis to the X axis as a rotation
axis, for example. The ion source 10 is controlled by the
control circuit 12.

[0021] The specimen stage 20 holds the specimen 2.
The shielding member 30 is attached to the specimen
stage 20. The shielding member 30 is disposed on the
specimen 2. The thickness of the shielding member 30
is approximately 10 um, for example, while the thickness
of the specimen 2 prior to machining is approximately

10

15

20

25

30

35

40

45

50

55

100 pm, for example. The shielding member 30 is dis-
posed in the center of the specimen 2 in a thickness di-
rection.

[0022] The specimen stage 20 includes a swing mech-
anism for swinging the specimen 2 and the shielding
member 30. The swing mechanism tilts the specimen 2
and the shielding member 30 using a swing axis (a tilt
axis) as a rotation axis. The swing axis is parallel to the
Y axis, for example. The swing mechanism swings the
specimen 2 and the shielding member 30 in a fixed pe-
riod, for example.

[0023] The specimen 2 held on the specimen stage 20
is plate shaped. The specimen 2 is a rectangular paral-
lelepiped, for example. The specimen 2 will be described
below.

[0024] The shielding member 30 blocks the ion beam
IB. The ion beam IB discharged from the ion source 10
is emitted onto the specimen 2 through the shielding
member 30. The shielding member 30 is belt shaped, for
example. The shielding member 30 is a shield belt, for
example. The shielding member 30 is formed from a ma-
terial that is not easily milled by the ion beam IB, for ex-
ample. The shielding member 30 is positioned above the
specimen 2 (in a +Z direction).

[0025] The transmission illumination device 40 emits
illumination light that transmissively illuminates the spec-
imen 2. More specifically, the transmission illumination
device 40 emits the illumination light from the back of the
specimen 2. The strength of the illumination light emitted
by the transmission illumination device 40 is controlled
by the illumination dimming circuit 42.

[0026] The transmission illumination device 40, the
specimen 2, the optical system 50, and the camera 60
are arranged in that order along the Y axis.

[0027] The coaxial illumination device 44 emits illumi-
nation light for illuminating the specimen 2 by means of
coaxial illumination. More specifically, the coaxial illumi-
nation device 44 irradiates the specimen 2 with illumina-
tion light along the optical axis of the camera 60. In the
example in the figure, the optical system 50 includes a
half mirror 52, and using the half mirror 52, the optical
axis of the illumination light is aligned with the optical axis
of the camera 60. The strength of the illumination light
emitted by the coaxial illumination device 44 is controlled
by the illumination dimming circuit 46.

[0028] The camera 60 photographs the specimen 2
and the shielding member 30 through the optical system
50. The camera 60 is a digital camera such as a CCD
camera or a CMOS camera, for example. The optical
system 50 is an optical system through which the camera
60 photographs the specimen 2.

[0029] The information processing device 70 performs
processing for acquiring an image photographed by the
camera 60 and displaying the photographed image on
the display unit 80. The information processing device
70 also performs processing for acquiring an image pho-
tographed by the camera 60 and determining whether to
terminate the machining based on the image. Further-
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more, the information processing device 70 controls the
ion source 10 via the control circuit 12.

[0030] The information processing device 70 is a per-
sonal computer (PC) or the like, for example, which in-
cludes a processor such as a CPU (Central Processing
Unit), a storage device (a memory) such as a RAM (Ran-
dom Access Memory) and a ROM (Read Only Memory),
and an operation unit. The storage device stores pro-
grams and data used to perform various types of image
processing and control processing. The functions of the
information processing device 70 (the processing unit)
can be realized by having the processor execute the pro-
grams. The operation unit is used by the user to input
operation information, and the operation unit outputs the
input operation information to the processor. The func-
tions of the operation unit can be realized by hardware
such as a keyboard, a mouse, a button, or a touch panel,
for example.

[0031] The display unit 80 displays the images ac-
quired by the information processing device 70 and im-
ages generated by the information processing device 70.
The functions of the display unit 80 can be realized by
an LCD, a CRT, a touch panel that also functions as the
operation unit, and so on.

2. Operation of Specimen Machining Device
2.1. Two-Stage Milling Method

[0032] The two-stage milling method is a method for
preparing a specimen that is used to observe, from a
cross-section direction, a thin film formed on a substrate,
a laminated film which is formed on a substrate and on
which wiring, a transistor, and so on are formed, or the
like, for example. In the two-stage milling method, prima-
ry milling is performed to reduce the overall thickness of
the specimen, and secondary milling is performed to re-
duce the thickness of the thin film or laminated film serv-
ing as a machining subject to a thickness enabling ob-
servation thereof under a transmission electron micro-
scope.

2.2. Primary Milling

[0033] FIGS. 2 to 4 illustrate the primary milling. FIG.
2 is a schematic perspective view illustrating the speci-
men 2 and the shielding member 30. FIG. 3 illustrates
the swinging operation of the specimen 2. FIG. 4 illus-
trates the operation of the ion source 10.

[0034] Asillustratedin FIG. 2, the specimen 2 includes
asubstrate 4, alaminated film 6, and a protective member
8. The substrate 4 is a semiconductor substrate such as
a silicon substrate ora compound substrate, forexample.
The laminated film 6 includes wiring, a transistor, and so
on, and is formed on the substrate 4 by a semiconductor
manufacturing technique, for example. In the example in
the figure, a specimen that is used with a transmission
electron microscope to observe the cross-section of the
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laminated film 6 formed on the substrate 4 can be pre-
pared. The protective member 8 is a member for protect-
ing the laminated film 6 during machining, and is consti-
tuted by a glass substrate, for example. The protective
member 8 is adhered to the laminated film 6 by epoxy
resin or the like. The thickness of the protective member
8 is approximately 100 um, for example.

[0035] The specimen 2 is machined into a plate shape
in advance so that the height (the Z direction size) thereof
is from 500 to 800 pm and the width (the Y direction size)
thereof is approximately 100 pm.

[0036] Note that the configuration of the specimen 2 is
not limited to the example illustrated in FIG. 2, and spec-
imens having various configurations can be machined
so as to be observable by a transmission electron micro-
scope using the two-stage milling method.

[0037] In the primary milling, the specimen 2 is dis-
posed so that a first end portion 2a of the specimen 2
faces upward and a second end portion 2b of the spec-
imen 2 faces downward. The first end portion 2a of the
specimen 2 is the end portion of the specimen 2 on the
protective member 8 side, and the second end portion
2b of the specimen 2 is the end portion of the specimen
2 on the substrate 4 side. The specimen 2 is disposed
under the shielding member 30 so as to be irradiated by
the ion beam IB from the first end portion 2a side of the
specimen 2. The ion beam IB is emitted onto the speci-
men 2 through the shielding member 30.

[0038] Asillustratedin FIG. 3, when the specimen 2 is
machined by being irradiated with the ion beam IB, the
swing mechanism of the specimen stage 20 is operated
so as to swing the specimen 2 and the shielding member
30 using an axis A as the rotation axis. In other words,
the swing mechanism of the specimen stage 20 causes
the specimen 2 and the shielding member 30 to perform
a reciprocating tilting (rotary) motion using the axis A as
the tilting axis (the rotation axis). The axis A is parallel to
the Y axis, for example. The axis A is positioned on a
boundary between the specimen 2 and the shielding
member 30, for example.

[0039] Note that FIG. 3 illustrates a point at which a tilt
angle 61 of the specimen 2 is 0°, a point at which the tilt
angle 61 of the specimen 2 is -30°, and a point at which
the tilt angle 61 of the specimen 2 is +30°. Note that in
FIG. 3, the tilt angle 61 is expressed as 61 = 0° when the
specimen 2 is parallel to the X axis, and expressed using
"+" for counterclockwise and "-" for clockwise.

[0040] During machining of the specimen 2, as illus-
trated in FIG. 4, the ion source 10 is also swung. For
example, the ion source 10 is tilted within a predeter-
mined angle range relative to the Z axis. By swinging the
ion source 10, the ion beam IB can be emitted from an
oblique direction relative to a machining surface of the
specimen 2. The ion source 10 is tilted so that an angle
of incidence at which the ion beam IB becomes incident
on the machining surface of the specimen 2 is approxi-
mately 0.4°, for example. In other words, the range of a
tilt angle 62 of the ion source 10 is from -0.4° to +0.4°.
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The tilt angle 62 of the ion source 10 can be modified as
appropriate in accordance with the material of the spec-
imen 2 and so on, for example.

[0041] Thus, in the specimen machining device 100,
machining is performed on the specimen 2 by irradiating
the specimen 2 with the ion beam IB while swinging the
specimen 2 and swinging the ion source 10. In the pri-
mary milling, two inclined surfaces 3 and a machined
region 5 between the two inclined surfaces 3 are formed
as a result of the machining. In the primary milling, ma-
chining is performed so that the entire machined region
5 reaches a substantially identical thickness to the thick-
ness of the shielding member 30. Note that in the primary
milling, machining may be performed so that the ma-
chined region 5 has a substantially identical thickness to
the shielding member 30 and the film thickness thereof
increases steadily from the first end portion 2a toward
the second end portion 2b.

[0042] In the primary milling, the machining is termi-
nated when the second end portion 2b of the specimen
2 reaches a suitable thickness for the secondary milling.
In the secondary milling, as will be described below, the
specimen 2 is disposed so that the second end portion
2b faces upward and the first end portion 2a faces down-
ward, whereupon the ion beam IB is emitted from the
second end portion 2b side. Hence, when the thickness
of the specimen 2 on the second end portion 2b side is
large, for example, the amount of the ion beam IB emitted
onto the second end portion 2b side increases such that
the second end portion 2b side is shaved rapidly. As a
result, the specimen 2 may disappear before the lami-
nated film 6 serving as the target is reduced in thickness.
It is therefore necessary to set the second end portion
2b of the specimen 2 at a suitable thickness for the sec-
ondary milling during the primary milling.

[0043] Here, the thickness of the second end portion
2b of the specimen 2 cannot be confirmed from the image
photographed by the camera 60. Therefore, a timing at
which to terminate the machining of the primary milling
is determined using the width of the machined region 5
on the second end portion 2b side of the specimen 2, or
in other words a machined width W illustrated in FIG. 2,
as a guide. In the specimen machining device 100, the
machined region 5 of the specimen 2 becomes thinner
and the machined width W increases as the machining
progresses. Therefore, the thickness of the machined
region 5 can be estimated from the machined width W.
[0044] For example, by setting the machined width W
at approximately from 300 to 600 um, the thickness of
the second end portion 2b of the specimen 2 can be set
at approximately 10 um, which is a suitable thickness for
the secondary milling.

[0045] The camera 60 photographs the specimen 2
during the machining. Images of the specimen 2 photo-
graphed by the camera 60 are transmitted to the infor-
mation processing device 70. The information process-
ing device 70 acquires the images photographed by the
camera 60 and displays the acquired images on the dis-
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play unit 80.

[0046] FIG. 5 illustrates an example of an image 12
photographed by the camera 60. The image 12 illustrated
inFFIG. 5is animage acquired by photographing the spec-
imen 2 using the camera 60 when the specimen 2 is
illuminated by coaxial illumination and transmission illu-
mination.

[0047] The specimen 2 is illuminated by coaxial illumi-
nation, and therefore, on the image 12, as illustrated in
FIG. 5, the machined region 5 of the specimen 2, an
unmachined region of the specimen 2, and the shielding
member 30 are light, while the inclined surfaces 3 are
dark. The reason for this is that under coaxial illumination,
the illumination light is reflected toward the camera 60
only by surfaces that are perpendicular to the observation
direction (the optical axis of the camera 60). The inclined
surfaces 3 are not perpendicular to the observation di-
rection, and therefore the illumination light reflected by
the inclined surfaces 3 does not travel toward the camera
60. Hence, on the image 12, the inclined surfaces 3 are
dark. With the specimen machining device 100, the ori-
entations of the surfaces of the respective regions of the
specimen 2 do not change even when the specimen 2 is
swung. By performing coaxial illumination, therefore, an
image on which the inclined surfaces 3 are dark is ac-
quired at all times, even when the specimen 2 is swung
during the machining.

[0048] The specimen 2is also illuminated by transmis-
sion illumination, and therefore, as illustrated in FIG. 5,
the illumination light leaks through a gap between the
specimen 2 and the shielding member 30. The illumina-
tionlightalso intrudes from below the specimen 2. Hence,
on the image 12, the gap between the specimen 2 and
the shielding member 30 and the space below the spec-
imen 2 are light. As a result, on the image 12, only the
inclined surfaces 3 are dark.

[0049] Inthe information processing device 70, the two
inclined surfaces 3 are extracted from the image 12 using
the fact that only the two inclined surfaces 3 are dark,
and the machined width W is measured by measuring
the distance between the two extracted inclined surfaces
3.

2.3. Secondary Milling

[0050] FIG. 6 illustrates the secondary milling.

[0051] Asillustratedin FIG. 6, in the secondary milling,
the specimen 2is disposed so that the second end portion
2b of the specimen 2 faces upward and the first end por-
tion 2a of the specimen 2 faces downward. In the sec-
ondary milling, theion beam IB is emitted from the second
end portion 2b side of the specimen 2. In the secondary
milling, the ion beam IB is emitted directly onto the spec-
imen 2, without using the shielding member 30.

[0052] FIG. 7 is a schematic cross section illustrating
how the specimen 2 is machined during the secondary
milling.

[0053] Asillustratedin FIG. 7, in the secondary milling,
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first, the protective member 8 is reduced in thickness.
During the process for reducing the thickness of the pro-
tective member 8, a hole may form in the protective mem-
ber 8, and the protective member 8 may turn upward.
When the protective member 8 is removed, a layer of
epoxy resin, not shown in the figure, is reduced in thick-
ness and removed, and finally, the target laminated film
6 is reduced in thickness.

3. Specimen Machining Method
3.1. Preparation for Primary Milling
3.1.1. Setting of Specimen

[0054] As illustrated in FIGS. 1 and 2, the specimen 2
is set on the specimen stage 20 and the shielding mem-
ber 30 is disposed on the specimen 2. The interior of the
chamber is then evacuated. The specimen 2 and the
shielding member 30 are then subjected to transmission
illumination by the transmission illumination device 40
and coaxial illumination by the coaxial illumination device
44,

3.1.2. Noise Level Measurement

[0055] The noise level of the image 12 photographed
by the camera 60 is measured. For example, the infor-
mation processing device 70 measures the brightness in
an identical location within the field of view of the camera
60 a plurality of times and sets a value acquired by sub-
tracting the minimum brightness from the maximum
brightness as the noise level. The noise level is thus
quantified.

[0056] The noise level varies in accordance with the
brightness of the illumination light, adjustments to the
exposure time of the camera 60 and the gain of the cam-
era 60, and so on, for example. When the noise level of
the image 12 is high, the likelihood of making an errone-
ous determination in the processing for determining
whether to terminate the machining increases.

[0057] The information processing device 70 displays
the measured noise level on the display unit 80, and when
the noise level is higher than a preset threshold, the in-
formation processing device 70 displays a notification on
the display unit 80 in order to readjust the illumination
conditions under which the transmission illumination de-
vice 40 and the coaxial illumination device 44 illuminate
the specimen 2 and the settings of the camera 60.
[0058] Hence, in the specimen machining device 100,
by measuring the noise level, the illumination conditions
of the specimen 2 and the settings of the camera 60 can
be set in an optimum state. As a result, an image 12 with
little noise can be acquired, and the likelihood of making
an erroneous determination in the processing for deter-
mining whether to terminate the machining can be re-
duced.
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3.1.3. Specification of Position for Measuring Machined
Width

[0059] The user specifies a position on the image 12 in
which to measure the machined width W. FIG. 8 sche-
matically illustrates a cursor C for specifying the position
in which to measure the machined width W.

[0060] Asillustratedin FIG. 8, the information process-
ing device 70 displays the cursor C on the image 12 dis-
played on the display unit 80. The cursor C is used to
specify a position on the image 12 in which to measure
the machined width W. In the example in the figure, a
line L is drawn on the cursor C, and the position indicated
by the line L is set as the position in which to measure
the machined width W. The user specifies the position in
which to measure the machined width W using the cursor
C by moving the cursor C via the operation unit of the
information processing device 70.

3.1.4. Specification of Target Machined Width

[0061] The user specifies atarget machined width TW.
For example, the information processing device 70 dis-
plays a GUI (Graphical User Interface) screen on the
display unit 80. The GUI screen includes a text box for
inputting the target machined width TW, and when the
user inputs the target machined width TW into the text
box via the operation unit, information indicating the tar-
get machined width TW is input into the information
processing device 70. As illustrated in FIG. 8, when the
target machined width TW is input, a marker M corre-
sponding to the target machined width TW is displayed
on the line L. Note that the method for setting the target
machined width TW is not limited to this method.

3.2. Primary Milling
3.2.1. Flow of Primary Milling

[0062] In the specimen machining device 100, the in-
formation processing device 70 performs primary milling
processing for machining the specimen 2 by means of
primary milling. FIG. 9 is a flowchart illustrating an exam-
ple of the primary milling processing performed by the
information processing device 70.

[0063] When the user inputs an instruction to start the
primary milling into the information processing device 70,
the information processing device 70 acquires informa-
tion indicating the position in which to measure the ma-
chined width W (S100). The user can specify the position
in which to measure the machined width W by moving
the position of the cursor C via the operation unit. The
information processing device 70 acquires the informa-
tion indicating the position in which to measure the ma-
chined width W, specified using the cursor C, via the op-
eration unit.

[0064] Further, the information processing device 70
acquires information indicating the target machined width
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TW (S 102). The user can specify the target machined
width TW by inputting a value of the target machined
width TW via the operation unit. The information process-
ing device 70 acquires the information indicating the input
target machined width TW via the operation unit.
[0065] Next, the information processing device 70 per-
forms processing for starting to emit the ion beam IB
(S104). More specifically, the information processing de-
vice 70 generates a control signal for emitting the ion
beam IB and transmits the generated control signal to
the control circuit 12. The control circuit 12 generates a
drive signal based on the control signal and outputs the
drive signal to the ion source 10. As aresult, the ion beam
IB is emitted onto the specimen 2 from the ion source
10. At this time, the swing mechanism of the specimen
stage 20 swings the specimen 2 and the shielding mem-
ber 30.

[0066] In the specimen machining device 100, as de-
scribed above, the specimen 2 is machined by emitting
the ion beam IB onto the specimen 2 through the shield-
ing member 30 while swinging the specimen 2 and the
shielding member 30. While the specimen 2 is being ma-
chined, the camera 60 photographs the specimen 2.
[0067] When machining (emission of the ion beam IB)
is started, the information processing device 70 acquires
the image 12 of the specimen 2, photographed by the
camera 60 (S106).

[0068] FIG. 10 schematically illustrates the image 12
photographed by the camera 60.

[0069] As illustrated in FIG. 10, the information
processing device 70 acquires the image 12 photo-
graphed by the camera 60 at a point where the specimen
2 is horizontal. In so doing, the tilt of the specimen 2 does
not have to be taken into account during image process-
ing to be described below. Further, the information
processing device 70 acquires the image 12 once during
a single period of the swinging operation of the specimen
2.

[0070] For example, in the example illustrated in FIG.
3, when the image 12 is photographed while the specimen
2is horizontal (tilt angle 61 = 0°) after tilting the specimen
2 to tilt angle 61 = -30° and when the image 12 is photo-
graphed while the specimen 2 is horizontal (tilt angle 61
=0°) after tilting the specimen 2 to tilt angle 81 = +30°, a
difference may occur between the resulting photo-
graphed images due to mechanical operation backlash
of the swing mechanism. By acquiring the image 12 once
during a single period of the swinging operation of the
specimen 2, as described above, the difference between
the images due to operation backlash can be reduced.
[0071] Next, the information processing device 70
measures the size of the gap between the specimen 2
and the shielding member 30 and determines whether
ornotthe gapis expanding (S108). Note that the process-
ing S 108 for determining whether or not the gap is ex-
panding will be described in detail below in "3.2.2
Processing for determining whether or not gap is expand-

ing".
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[0072] Having determined that the gap is expanding
(Yesin S108), the information processing device 70 halts
emission of the ion beam IB and terminates the process-
ing (S120).

[0073] The information processing device 70 gener-
ates a control signal for stopping emission of the ion beam
IB and transmits the generated control signal to the con-
trol circuit 12. The control circuit 12 stops outputting the
drive signal based on the control signal. As a result, emis-
sion of the ion beam IB by the ion source 10 is stopped.
At this time, the information processing device 70 may
display a notification indicating that the machining was
not progressing normally on the display unit 80.

[0074] Having determined that the gap is not expand-
ing (No in S108), the information processing device 70
measures the machined width W on the image 12.
[0075] FIGS. 11 to 13 illustrate processing for meas-
uring the machined width W.

[0076] In the processing for measuring the machined
width W, first, the information processing device 70 bi-
narizes the image 12 (S110).

[0077] As llustrated in FIG. 11, the information
processing device 70 binarizes the image 12 by setting a
threshold so that the lowest brightness peak is selected
from a brightness histogram of the image 12. Thus, a
binarized image 12B illustrated in FIG. 12 can be gener-
ated. Note thatimage processing for removing noise from
the image 12 may be performed before binarizing the im-
age 12.

[0078] Here, the specimen 2 is subjected to coaxial
illumination and transmission illumination, and therefore,
on the image 12, only the inclined surfaces 3 are dark.
Hence, the inclined surfaces 3 can be extracted by se-
lecting the lowest brightness peak from the brightness
histogram of the image 12 so as to binarize the image 12.
In the example illustrated in FIG. 12, the image 12 is bi-
narized by depicting pixels of a lower brightness than the
threshold in white and depicting pixels of a brightness
that equals or exceeds the threshold in black.

[0079] Next, the information processing device 70
specifies aggregates of white pixels corresponding to the
inclined surfaces 3 on the binarized image 12B and de-
termines whether or not the number of aggregates is two
(S112).

[0080] In the initial stage of the machining, the ma-
chined region 5 has not yet reached the second end por-
tion 2b of the specimen 2, and therefore the number of
aggregates is one. Once the machined region 5 has
reached the second end portion 2b of the specimen 2,
the number of aggregates is two.

[0081] Further, in the initial stage of the machining, the
inclined surfaces 3 are small, and it may therefore be
impossible to select the peaks corresponding to the in-
clined surfaces 3 on the brightness histogram. In this
case, the number of aggregates is three or more. Hence,
by determining whether or not the number of aggregates
is two, it is possible to determine whether or not the in-
clined surfaces 3 have been successfully extracted.
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[0082] Note that here, whether or not the inclined sur-
faces 3 have been successfully extracted is determined
by determining whether or not the number of aggregates
is two, but the determination may be made using another
condition. For example, when the number of pixels con-
stituting the aggregate is smaller than a predetermined
number, when the machining time has not yet reached
a settime, when variation in the regions of the aggregates
is large, and so on, it may be determined that the inclined
surfaces 3 have not been successfully extracted.
[0083] After determining that the number of aggre-
gatesis nottwo (Noin S112), the information processing
device 70 returns to the processing S106 for acquiring
the image 12.

[0084] Having determined that the number of aggre-
gates is two (Yes in S112), as illustrated in FIG. 13, the
information processing device 70 approximates respec-
tive edges of the two aggregates by straight lines so as
to draw an approximate line L1 and an approximate line
L2 (S114).

[0085] The information processing device 70 specifies
a position P in which to measure the machined width W
on the binarized image 12B from the information indicat-
ing the position in which to measure the machined width
W acquired in the processing S100, and measures the
machined width W by measuring the distance between
the approximate line L1 and the approximate line L2 in
the position P (S116).

[0086] The position P in which to measure the ma-
chined width W is specified by a position coordinate in a
vertical direction of the binarized image 12B, for example.
[0087] Next, the information processing device 70 de-
termines whether or not the measured machined width
W equals or exceeds the target machined width TW
(S118). Inotherwords, the information processing device
70 determines whether or not W > TW is satisfied.
[0088] Having determined that W > TW is not satisfied
(No in S118), the information processing device 70 re-
turns to the processing S106 for acquiring the image 12.
[0089] The information processing device 70 repeats
the processing S106 for acquiring the image, the
processing S108 for determining whether or not the gap
is expanding, the binarization processing S110, the
processing S112 for determining whether or not the
number of aggregates is two, the processing S114 for
calculating approximate straight lines corresponding to
the edges of the aggregates, the processing S116 for
measuring the machined width W, and the processing
S118 for determining whether or not W > TW is satisfied
either until W > TW is determined to be satisfied or until
the gap is determined to be expanding.

[0090] Having determined that the gap is expanding
(Yes in S108) or having determined that W > TW is sat-
isfied (Yes in S 118), the information processing device
70 causes the ion source 10 to stop emitting the ion beam
IB (S120).

[0091] By performing the processing described above,
the information processing device 70 completes the pri-
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mary milling processing.

3.2.2. Processing for Determining Whether Or Not Gap
Is Expanding

[0092] Typically, when the machining progresses nor-
mally, the milled specimen 2 and so on adhere to the gap
between the specimen 2 and the shielding member 30,
and therefore the gap becomes smaller. However, when
the gap becomes larger as the machining progresses,
the upper end of the machined region 5 of the specimen
2may be milled at an offset from directly below the shield-
ing member 30. In other words, the possibility of the ma-
chining not progressing normally is high.

[0093] Hence, the information processing device 70
measures the size of the gap based on the brightness of
each pixel of the image 12, for example. For example,
the size of the gap is measured from a brightness profile
in the vertical direction of the image 12. Here, the size of
the gap denotes the size of the gap inthe vertical direction
of the image 12. In other words, the size of the gap is the
distance between the specimen 2 and the shielding mem-
ber 30.

[0094] FIG. 14 illustrates processing for measuring the
size of the gap. FIG. 14 illustrates the brightness profile
of a region of the image 12 corresponding to the gap.
[0095] Asillustrated in FIG. 14, the size of the gap can
be measured based on a brightness profile in the vertical
direction of the image 12. For example, a size G of the
gap is determined using the fact that the brightness
reaches a maximum in the gap. More specifically, the
size G of the gap is determined by determining a position
E1inwhich the brightness decreases from the brightness
of a peak PK by a strength S1 and a position E2 in which
the brightness decreases from the brightness of the peak
PK by a strength S2 and calculating |E2 - E1|. The
strength S1 and the strength S2 may be setatany desired
values.

[0096] The determination as to whether or not the gap
is expanding is performed as follows. First, a first image
photographed by the camera 60 and used as a reference
and a second image acquired after the first image are
acquired. Next, a size G1 of the gap on the firstimage is
measured and a size G2 of the gap on the second image
is measured. Next, the size G1 of the gap on the second
image is compared with the size G2 of the gap on the
first image, and when the size G2 of the gap on the sec-
ond image is larger than the size G1 of the gap on the
first image (G2 > G1), it is determined that the gap is
expanding.

[0097] Note thatitmay also be determined that the gap
is expanding when a value (G2 - G1) acquired by sub-
tracting the size G1 of the gap on the firstimage from the
size G2 of the gap on the second image equals or ex-
ceeds a predetermined value. Alternatively, for example,
measurement results of the size G of the gap may be
plotted, a function indicating a relationship between the
size G of the gap and the elapsed time of the machining
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may be determined, and the determination as to whether
or not the gap is expanding may be made from the func-
tion.

[0098] Further, in the above description, a determina-
tion is made as to whether or not the size of the gap is
increasing, but instead, a determination may be made
as to whether or not the size G of the gap is within a
predetermined range. The size G of the gap between the
specimen 2 and the shielding member 30 has a range
that is suitable for preparing a specimen. For example,
the size G of the gap is preferably approximately from 40
to 80 wm inclusive. When the size G of the gap deviates
from this range, the machining is unlikely to progress
normally. Hence, the information processing device 70
may determine whether or not the size G of the gap de-
viates from a predetermined range, and when the size G
of the gap deviates from this range, the information
processing device 70 may issue a notification thereof and
perform processing for terminating the machining.

3.2.3. Processing for Predicting Machining Completion
Time

[0099] The information processing device 70 performs
processing for predicting the completion time of the ma-
chining in parallel with the primary milling processing de-
scribed above.

[0100] Forexample,theinformation processing device
70 acquires information indicating the machined width W
measured in the processing S116 for measuring the ma-
chined width W, and calculates an increase speed at
which the machined width W is increasing. The comple-
tion time of the machining is calculated from this increase
speed.

[0101] The information processing device 70 may rep-
resent the approach of the machined width W toward the
target machined width TW on a progress bar or the like
and display the progress bar or the like on the display
unit 80. Thus, the user can ascertain the progress status
of the machining.

[0102] Alternatively, the information processing device
70 may create a graph of change in the machined width
W, showing time on the horizontal axis and the machined
width W on the vertical axis, and display the graph on
the display unit 80. At this time, the information process-
ing device 70 may display the current graph of change
in the machined width W side by side with a graph of
change in the machined width W created in the past. In
so doing, it is possible to determine whether or not the
machining is progressing normally. For example, by com-
paring the current graph with the past graph, itis possible
to notice abnormalities in the machining speed.

[0103] Note that from the start of the machining to the
point at which two inclined surfaces 3 are formed, infor-
mation indicating the machined width W measured in the
processing S116 for measuring the machined width W
cannot be acquired. Hence, when the number of aggre-
gates on the binarized image 2B is one, the information
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processing device 70 may predict the completion time of
the machining from change in the position of an outside
edge of the aggregate or change in the position of an
inside edge of the aggregate.

[0104] FIG. 15 illustrates a method for predicting the
completion time of the machining.

[0105] When the number of aggregates on the bina-
rized image 12B is one, the coordinates of a position P2
of the outside edge of the aggregate are plotted, and the
machining completion time is predicted based on change
in the position P2. Then, when the machining progresses
such that the inside edge of the aggregate becomes
clear, the coordinates of a position P1 of the inside edge
of the aggregate are plotted and the machining comple-
tion time is predicted based on change in the position
P1. For example, the position P1 is a position where the
inside edge of the aggregate intersects one of two straight
lines that extend in the vertical direction and are drawn
at aninterval corresponding to the target machined width
TW. The position P2 is a position where the outside edge
of the aggregate intersects one of the two straight lines
that extend in the vertical direction and are drawn at an
interval corresponding to the target machined width TW.
[0106] FIG. 16 is a graph plotting coordinates of the
position P1 and coordinates of the position P2. The hor-
izontal axis of the graph illustrated in FIG. 16 shows the
elapsed time from the start of the machining (emission
of the ion beam IB), and the vertical axis shows the ma-
chining depth. Note that the machining depth of the po-
sition P1 corresponds to the distance between the posi-
tion P1 and the first end portion 2a of the specimen 2,
while the machining depth of the position P2 corresponds
to the distance between the position P2 and the first end
portion 2a.

[0107] When the completion time is predicted based
on change in the position P1, the completion time of the
machining is predicted by, for example, calculating the
speed at which the distance between the position P1 and
the position P in which to measure the machined width
W decreases and calculating the time required for the
position P1 to reach the position P based on the calcu-
lated speed.

[0108] Further, for example, when the completion time
is predicted based on change in the position P2, the
speed at which the distance between the position P2 and
the position P decreases is calculated. The speed at
which the distance between the position P1 and the po-
sition P decreases is then estimated from the calculated
speed, whereupon the completion time of the machining
is calculated therefrom.

[0109] In the example illustrated in FIG. 16, the ma-
chined region 5 is not formed inside the inclined surface
3 for 40 minutes following the start of the machining, and
therefore a machining completion time T is predicted
based on change in the position P2. Thus, the machining
completion time T can be predicted even at the initial
stage of the machining.

[0110] From 40 minutes after the start of the machining
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onward, the machining completion time T is predicted
based on the position P1. Thus, the machining comple-
tion time T can be predicted based on the position P1.
[0111] Note that when the thickness of the specimen
2 prior to the start of the machining is always the same,
the distance between the inside edge position P1 and
the outside edge position P2 is substantially fixed. Hence,
at all times during the machining, the machining comple-
tion time T may be predicted by estimating the inside
edge position P1 from the outside edge position P2.
[0112] The outside edge of the aggregate is usually
clearer than the inside edge of the aggregate. The reason
for this is that the boundary between the inclined surface
3 and the machined region 5 inclines gently in accord-
ance with a strength distribution of the ion beam IB.
Hence, on the binarized image, the outside edge of the
aggregate is clearer than the inside edge of the aggre-
gate. In other words, the position P2 can be specified
more accurately than the position P1. Therefore, at all
times during the machining, the machining completion
time T can be predicted accurately by predicting the ma-
chining completion time T based on the position P2.

3.3. Preparation for Secondary Milling
3.3.1. Setting of Specimen

[0113] After the primary milling is complete and before
starting the secondary milling, the specimen 2 is turned
upside down, as illustrated in FIG. 6, so that the second
end portion 2b of the specimen 2 faces upward and the
first end portion 2a faces downward. For example, the
chamber is opened to the atmosphere, whereupon the
user turns the specimen 2 disposed on the specimen
stage 20 upside down. After turning the specimen 2 up-
side down and fixing the specimen 2 to the specimen
stage 20, the shielding member 30 is removed. The in-
terior of the chamber is then evacuated.

[0114] Note that the specimen stage 20 may include
an inverting mechanism for turning the specimen 2 up-
side down. Thus, the specimen 2 can be turned upside
down without opening the chamber to the atmosphere.

3.3.2. Specification of Target Position

[0115] FIG. 17 illustrates processing for specifying a
target position TP.

[0116] The user specifies the target position TP of the
machining. In the secondary milling, the machining is ter-
minated when the edge of the machined region 5 or a
hole formed in the machined region 5 reaches the spec-
ified target position TP.

[0117] The information processing device 70 displays
a GUI screen on the display unit 80. The image 12 and a
cursor C for inputting the target position TP of the ma-
chining are displayed in a window of the GUI screen.
Further, an arrow C2 indicating the direction in which the
machining progresses is displayed in the window togeth-
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er with the cursor C. The user can specify the target po-
sition TP by moving the cursor C via the operation unit.
When the user specifies the target position TP using the
cursor C, information indicating the target position TP is
inputinto the information processing device 70. Note that
the method for setting the target position TP is not limited
to this method.

[0118] For example, the image 12 used to specify the
target position TP is an image acquired by photographing
the specimen 2 while the specimen 2 is illuminated by
transmission illumination and coaxial illumination. Note
that during the machining performed by secondary mill-
ing, the specimen 2 is illuminated by transmission illumi-
nation.

3.4. Secondary Milling
3.4.1. Flow of Secondary Milling

[0119] In the specimen machining device 100, the in-
formation processing device 70 performs secondary mill-
ing processing for machining the specimen 2 by means
of secondary milling. FIG. 18 is a flowchart illustrating an
example of the secondary milling processing performed
by the information processing device 70.

[0120] When the userinputs aninstruction to start sec-
ondary milling into the information processing device 70,
the information processing device 70 acquires informa-
tion indicating the target position TP (S200). The user
can specify the target position TP by moving the position
of the cursor C via the operation unit. The information
processing device 70 acquires the information indicating
the target position TP, specified using the cursor C, via
the operation unit.

[0121] Next, the information processing device 70 per-
forms processing for starting to emit the ion beam IB
(S202). As a result, the ion beam IB is emitted onto the
specimen 2 from the ion source 10. At this time, the swing
mechanism of the specimen stage 20 swings the speci-
men 2.

[0122] In the specimen machining device 100, as de-
scribed above, the specimen 2 is machined by irradiating
the specimen 2 with the ion beam IB while swinging the
specimen 2. While the specimen 2 is being machined,
the camera 60 photographs the specimen 2.

[0123] When the machining is started, the information
processing device 70 acquires the image 12 of the spec-
imen 2 photographed by the camera 60 (S204).

[0124] FIG. 19 schematically illustrates the image 12
photographed by the camera 60.

[0125] The image I2 photographed during the machin-
ing is an image acquired by photographing the specimen
2 while the specimen 2 is illuminated by transmission
illumination. As illustrated in FIG. 19, the information
processing device 70 acquires the image 12 photo-
graphed by the camera 60 at a timing when the specimen
2 is horizontal. In so doing, the tilt of the specimen 2 does
not have to be taken into account during the image
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processing to be described below. Further, the informa-
tion processing device 70 acquires the image 12 once
during a single period of the swinging operation of the
specimen 2. In so doing, the difference between the im-
ages due to operation backlash can be reduced.

[0126] Note that the circular cursor illustrated in FIG.
19 is used to specify a processing range during process-
ing for detecting the edge of the machined region 5 and
processing for detecting a hole, to be described below.
The user can modify the processing range by moving the
position of the cursor via the operation unit. Note that
instead of specifying a processing range using the cursor,
processing may be performed on the entire image 12.
[0127] Next, the information processing device 70 de-
tects the edge of the machined region 5 on the image 12
(S206).

[0128] FIG. 20 illustrates processing for detecting a
lower end edge E of the machined region 5. Lines on
which brightness profiles are acquired in order to detect
the lower end edge E of the machined region 5 are illus-
trated in FIG. 20 by broken lines.

[0129] As illustrated in FIG. 20, the information
processing device 70 acquires a plurality of brightness
profiles in the vertical direction of the image 12 and spec-
ifies the position of the lower end edge E of the machined
region 5. On the vertical direction brightness profiles of
the image 12, the brightness varies greatly at the lower
end edge E of the machined region 5, and therefore the
edge E is detected from this brightness variation. The
information processing device 70 specifies an edge EO
having the shortest distance to the target position TP
from the detection results of the edge E on the plurality
of brightness profiles. The information processing device
70 then calculates a distance D1 between the edge EO
and the target position TP.

[0130] FIG. 21 illustrates processing for drawing the
edge E in a predetermined color.

[0131] As illustrated in FIG. 21, the information
processing device 70 draws a region 9 that is adjacent
to the edge E on the image 12 in a predetermined color
in order to emphasize the detected edge E. In so doing,
the edge E can be emphasized. In the example in the
figure, the region 9 of the image |2 is a region correspond-
ing to the space below the specimen 2.

[0132] Note that the method for emphasizing the edge
E is not limited to this method. For example, the edge E
may be drawn in a predetermined color.

[0133] Next, the information processing device 70 de-
tects a hole formed in the machined region 5 on the image
12 (S208).

[0134] FIGS. 22 and 23 illustrate processing for detect-
ing a hole H formed in the machined region 5. Lines on
which brightness profiles are acquired in order to detect
the hole H are illustrated in FIG. 22 by broken lines. FIG.
23 illustrates an example of a brightness profile.

[0135] As illustrated in FIG. 22, as the machining
progresses, the hole H may be formed between the edge
E of the machined region 5 and the target position TP.
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[0136] The information processing device 70 acquires
a plurality of brightness profiles in the vertical direction
of the image 12 and detects the hole H formed in the
machined region 5 therefrom.

[0137] For example, when determining whether or not
an arbitrary first region A1 of the image 12 is the hole H,
the determination as to whether or not the first region A1
is the hole H is made based on the brightness of the first
region A1 and the brightness of a second region A2 and
a third region A3 sandwiching the first region A1. The
first region A1, the second region A2, and the third region
A3 may each be a single pixel or a set of a plurality of
pixels. Furthermore, the distance between the first region
A1 and the second region A2 and the distance between
the first region A1 and the third region A3 may each be
set as appropriate.

[0138] In the example illustrated in FIG. 23, a differ-
ence between a brightness Lu1 of the first region A1 and
an average value of abrightness Lu2 ofthe second region
A2 and a brightness Lu3 of the third region A3 is set as
a signal strength of the first region A1. In other words,
the signal strength of the first region A1 is expressed by
signal strength =Lu1 - (Lu2 + Lu3)/2. Processing for mod-
ifying the position of the first region A1 and then deter-
mining the signal strength is performed on all regions of
the image 12. As a result, the signal strengths of all of
the regions of the image 12 are acquired.

[0139] Next, information indicating a maximum value
ofthe signal strengthis acquired from the signal strengths
of all of the regions of the image 12. The maximum value
is the signal strength of a region in which the illumination
light emitted by transmission illumination is directly de-
tected, for example. Next, the information processing de-
vice 70 determines a region in which the signal strength
equals or exceeds a predetermined value as the hole H.
The predetermined value is set at a value of 90% of the
acquired maximum value of the signal strength, for ex-
ample.

[0140] Here, a region in which the signal strength in-
creases locally due to noise or the like may be determined
as the hole H. Therefore, when the surface area of the
region in which the signal strength equals or exceeds the
predetermined value increases beyond a set value, the
region may be determined as the hole H. The set value
may be set as desired. Alternatively, noise removal and
removal of gentle brightness unevenness may be per-
formed prior to acquiring the aforesaid brightness profiles
by applying a filter to the image 12.

[0141] Having detected the hole H, the information
processing device 70 calculates a distance (the shortest
distance) D2 between the hole H and the target position
TP.

[0142] Further, the information processing device 70
draws the detected hole H in a predetermined color. FIG.
24 illustrates processing for drawing the hole H in a pre-
determined color.

[0143] As illustrated in FIG. 24, the information
processing device 70 draws the detected hole Hin a pre-
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determined color on the image 12. As a result, the hole
H can be emphasized.

[0144] Next, the information processing device 70 de-
termines whether or not the edge E of the machined re-
gion 5 or the hole H has reached the target position TP
(S210).

[0145] First, the information processing device 70
compares the distance between the edge EO and the
target position TP with the distance between the hole H
and the target position TP. When the distance between
the edge EO and the target position TP is shorter than
the distance between the hole H and the target position
TP, the information processing device 70 determines
whether or not the edge EO has reached the target posi-
tion TP based on the coordinates of the edge EO and the
coordinates of the target position TP on the image 12.
For example, whether or not the edge EO has reached
the target position TP can be determined from the coor-
dinate of the edge EO and the coordinate of the target
position TP in the vertical direction of the image 12.
[0146] When the distance between the hole H and the
target position TP is shorter than the distance between
the edge EO and the target position TP, the information
processing device 70 determines whether or not the hole
H has reached the target position TP based on the co-
ordinates of the hole H and the coordinates of the target
position TP on the image 12.

[0147] Having determined that the edge E of the ma-
chined region 5 or the hole H has not reached the target
position TP (No in S210), the information processing de-
vice 70 returns to the processing S204 for acquiring the
image 12.

[0148] The information processing device 70 repeats
the processing S204 for acquiring the image, the
processing S206 for detecting the edge E of the ma-
chined region 5, the processing S208 for detecting the
hole H, and the processing S210 for determining whether
or not the edge E of the machined region 5 or the hole
H has reached the target position TP until itis determined
that the edge E of the machined region 5 or the hole H
has reached the target position TP.

[0149] Having determined that the edge E of the ma-
chined region 5 or the hole H has reached the target
position TP (Yes in S210), the information processing
device 70 causes the ion source 10 to stop emitting the
ion beam IB (S212).

[0150] By performing the processing described above,
the information processing device 70 completes the sec-
ondary milling processing.

3.4.2. Processing for Predicting Machining Completion
Time

[0151] The information processing device 70 performs
processing for predicting the completion time of the ma-
chining in parallel with the secondary milling processing
described above.

[0152] Forexample,the information processing device
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70 sets the smaller of the distance between the edge E
of the machined region 5 and the target position TP and
the distance between the hole H and the target position
TP as a remaining film thickness, and predicts the com-
pletion time of the machining based on change in the
remaining film thickness.

[0153] FIG. 25 s a graph illustrating a relationship be-
tween the remaining film thickness and the elapsed time
from the start of the machining.

[0154] As illustrated in FIG. 25, by calculating the re-
maining film thickness and plotting the calculated remain-
ing film thickness on a graph showing the elapsed time
on the horizontal axis and the remaining film thickness
on the vertical axis, a function indicating the relationship
between the remaining film thickness and the elapsed
time can be calculated. In the example illustrated in FIG.
25, a function indicating the relationship between the re-
maining film thickness and the elapsed time has been
calculated by a straight line approximation calculation.
Using this function, the time at which the remaining film
thickness will reach zero can be calculated. The informa-
tion processing device 70 displays the time at which the
remaining film thickness will reach zero, orin other words
the predicted completion time of the machining, on a GUI
screen.

[0155] The information processing device 70 may rep-
resent the approach of the remaining film thickness to-
ward zero on a progress bar or the like and display the
progress bar or the like on the display unit 80. Thus, the
user can ascertain the progress status of the machining.

3.4.3. Automatic Setting of Target Position

[0156] In the secondary milling processing illustrated
in FIG. 18, the user sets the target position TP by spec-
ifying the target position TP using the cursor C, as illus-
trated in FIG. 17. Instead, however, the information
processing device 70 may set the target position TP au-
tomatically. For example, the information processing de-
vice 70 sets the target position TP automatically on a
boundary between the laminated film 6 and the protective
member 8.

[0157] FIG. 26 is a flowchart illustrating a modified ex-
ample of the secondary milling processing performed by
the information processing device 70.

[0158] The modified example of the secondary milling
processing illustrated in FIG. 26 differs from the second-
ary milling processing illustrated in FIG. 18 in that after
the processing S208 for detecting a hole, processing
S209 is performed to set the target position TP. All other
processing is similar to the processing illustrated in FIG.
18, and therefore description thereof has been omitted.
[0159] Inthe processing S209 for setting the target po-
sition TP, similarly to the processing S206 for detecting
the edge E of the machined region 5, illustrated in FIG.
20, a plurality of brightness profiles are acquired in the
vertical direction of the image 12, and the boundary be-
tween the laminated film 6 and the protective member 8
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is detected from brightness variation on the boundary.
The information processing device 70 sets the detected
boundary as the target position TP. When the information
processing device 70 sets the boundary in this manner,
a marker indicating the target position TP is displayed on
the image 12 in a position corresponding to the boundary.
[0160] Thus, the information processing device 70 can
set the target position TP automatically.

4. Effects
4.1. Effects of Primary Milling

[0161] In the specimen machining device 100, the in-
formation processing device 70 performs processing for
acquiring information indicating the target machined
width TW, processing for acquiring the image 12, which
is acquired by photographing the specimen 2 while the
specimen 2 is illuminated by coaxial illumination,
processing for measuring the machined width W on the
acquired image 12, and processing for terminating the
machining when the measured machined width W equals
or exceeds the target machined width TW.

[0162] By illuminating the specimen 2 by means of co-
axial illumination, as described above, on the image 12,
as illustrated in FIG. 5, the machined region 5 of the spec-
imen 2, the unmachined region of the specimen 2, and
the shielding member 30 are light while the inclined sur-
faces 3 are dark. Accordingly, the inclined surfaces 3 can
easily be extracted from the image 12, and the machined
region 5 sandwiched between the two inclined surfaces
3 can easily be specified. Hence, with the specimen ma-
chining device 100, the machined width W can be meas-
ured accurately, and the timing at which to terminate the
machining can be determined accurately based on the
machined width W. As a result, during the primary milling,
the specimen 2 can be machined with high reproducibility
and a high degree of precision, enabling an improvement
in the success rate of specimen preparation during the
secondary milling.

[0163] In the specimen machining device 100, during
the processing for measuring the machined width W, the
information processing device 70 generates the bina-
rized image 2B by binarizing the image 12, and meas-
ures the machined width W on the binarized image 12B.
Ontheimage 12 acquired by photographing the specimen
2 while the specimen 2 is illuminated by coaxial illumina-
tion, the machined region 5 is light and the inclined sur-
faces 3 are dark, and therefore the inclined surfaces 3
can be extracted by performing the binarization process-
ing. As a result, the machined region 5 sandwiched be-
tween the two inclined surfaces 3 can easily be specified,
and the machined width W can be measured accurately.
[0164] In the specimen machining device 100, during
the processing for measuring the machined width W, the
information processing device 70 extracts the inclined
surfaces 3 formed by the machining, by binarizing the
image 12, determines whether or not the number of ex-
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tracted inclined surfaces 3 is two, and when the number
of inclined surfaces 3 is two, measures the machined
width W by measuring the distance between the two in-
clined surfaces 3. Hence, with the specimen machining
device 100, the machined region 5 sandwiched between
the two inclined surfaces 3 can easily be specified, and
the machined width W can be measured accurately.
[0165] In the specimen machining device 100, the in-
formation processing device 70 includes the transmis-
sion illumination device 40 for emitting illumination light
that is transmitted through and illuminates the specimen
2, and the camera 60 photographs the specimen 2 while
the specimen 2 is illuminated by coaxial illumination and
transmission illumination. When the specimen 2 is illu-
minated by transmission illumination, on the image 12,
the gap between the specimen 2 and the shielding mem-
ber 30 and the space below the specimen 2 become light.
Accordingly, only the inclined surfaces 3 on the image 12
are dark, and as a result, the machined region 5 sand-
wiched between the two inclined surfaces 3 can easily
be specified.

[0166] In the specimen machining device 100, the in-
formation processing device 70 performs processing for
predicting the completion time of the machining based
on the measurement result of the machined width W.
Hence, with the specimen machining device 100, the bur-
den on the user can be lightened.

[0167] In the specimen machining device 100, during
the processing for acquiring theimage 12, the information
processing device 70 acquires the image 12 photo-
graphed by the camera 60 at a timing when the specimen
2is horizontal. With the specimen machining device 100,
therefore, the tilt of the specimen 2 need not be taken
into account during the image processing performed on
the image 12.

[0168] In the specimen machining device 100, during
the processing for acquiring the image 12 photographed
by the camera 60, the information processing device 70
acquires afirstimage and a second image photographed
after the first image and performs processing for meas-
uring the size of the gap on the firstimage, and processing
for measuring the size of the gap on the second image,
processing for comparing the size of the gap on the sec-
ond image with the size of the gap on the firstimage, and
processing for terminating the machining when the size
of the gap on the second image is larger than the size of
the gap on the first image. Hence, with the specimen
machining device 100, machining of the specimen 2 can
be interrupted automatically when the machining is not
progressing normally.

4.2. Effects of Secondary Milling

[0169] In the specimen machining device 100, the in-
formation processing device 70 performs processing for
acquiring the image 12, processing for acquiring infor-
mation indicating the target position TP of the machining,
processing for detecting the edge E of the machined re-
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gion 5 on the image 12, processing for detecting the hole
H formed in the machined region 5 on the image 12,
processing for determining whether or not the edge E of
the machined region 5 or the hole H has reached the
target position TP, and processing for terminating the
machining when the edge E of the machined region 5 or
the hole H is determined to have reached the target po-
sition TP.

[0170] Hence, in the specimen machining device 100,
the edge E of the machined region 5 and the hole H are
detected, and when it is determined that the edge E of
the machined region 5 or the hole H has reached the
target position TP, the machining is terminated. With the
specimen machining device 100, therefore, the timing at
which to terminate the machining can be determined ac-
curately. Moreover, with the specimen machining device
100, the specimen 2 can be machined with high repro-
ducibility.

[0171] In the specimen machining device 100, during
the processing for detecting the hole H, the information
processing device 70 determines whether or not the first
region A1 of the image 12 is the hole H based on the
brightness of the first region A1 and the brightness of the
second region A2 and the third region A3 sandwiching
the first region A1. More specifically, the information
processing device 70 sets the difference between the
brightness of the first region A1 and the average value
of the brightness of the second region A2 and the bright-
ness of the third region A3 as the signal strength of the
first region A1, and determines that the first region A1 is
the hole H when the signal strength equals or exceeds
apredetermined value. Thus, the hole H can be specified.
[0172] In the specimen machining device 100, when
the distance between the edge E of the machined region
5 and the target position TP is shorter than the distance
between the hole H and the target position TP, the infor-
mation processing device 70 performs the processing for
predicting the completion time of the machining based
on the distance between the edge E of the machined
region 5 and the target position TP. Further, when the
distance between the hole H and the target position TP
is shorter than the distance between the edge E of the
machined region 5 and the target position TP, the infor-
mation processing device 70 performs the processing for
predicting the completion time of the machining based
on the distance between the hole H and the target posi-
tion TP. Hence, with the specimen machining device 100,
the completion time of the machining can be predicted
accurately.

[0173] In the specimen machining device 100, the
specimen 2 includes the laminated film 6 serving as the
machining subject, and the protective member 8 adhered
to the machining subject, and during the processing for
acquiring the information indicating the target position
TP, the information processing device 70 specifies the
boundary between the laminated film 6 and the protective
member 8 on the image 12, and sets the position of the
boundary as the target position TP. Hence, with the spec-
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imen machining device 100, the target position TP can
be set automatically.

5. Modified Examples
5.1. First Modified Example

[0174] Inthe embodiment described above, during the
secondary milling, the acceleration voltage may be mod-
ified in stages in accordance with the thickness of the
specimen 2. For example, the acceleration voltage may
be reduced as the specimen 2 becomes thinner. As a
result, the effects of damage to the specimen 2 caused
by being irradiated with the ion beam IB can be reduced.
[0175] For example, the remaining film thickness,
which is the smaller of the distance between the edge E
of the machined region 5 and the target position TP and
the distance between the hole H and the target position
TP, corresponds to the thickness of the specimen 2.

[0176] Hence, the acceleration voltage is modified in
stages in accordance with the measured remaining film
thickness. In other words, the acceleration voltage is re-
duced in stages as the remaining film thickness decreas-
es. In so doing, it is possible to prepare a specimen that
suffers litle damage whenirradiated with the ion beam IB.

5.2. Second Modified Example

[0177] In the primary milling processing illustrated in
FIG. 9, theinformation processing device 70 may perform
processing for correcting positional deviation on the im-
age 12.

[0178] For example, when the specimen 2 is cooled in
order to reduce the damage caused by being irradiated
with the ion beam IB, positional deviation may occur on
the photographed image 12 due to temperature change
in the specimen 2 and temperature change in the spec-
imen stage 20. Further, for example, positional deviation
may occur on the photographed image 12 due to mechan-
ical operation backlash in the swing mechanism of the
specimen stage 20.

[0179] Therefore, the specimen machining device 100
corrects positional deviation on a subsequently photo-
graphed image 12 using the image 12 photographed first
as a reference. For example, the position of the gap be-
tween the specimen 2 and the shielding member 30 and
the edges of the specimen 2 are specified on each of the
two images 12 using brightness profiles or the like, where-
upon positional deviation therebetween is corrected.
Note that positional deviation may also be corrected by
perform pattern matching on the two images 12.

[0180] By correcting the positional deviation of the im-
age 12, positional deviation in the position P in which to
measure the machined width W can be corrected.
[0181] Furthermore, likewise in the secondary milling
processingillustrated in FIG. 18, the information process-
ing device 70 may perform similar processing for correct-
ing positional deviation on the image 12. By correcting
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the positional deviation of the image 12, positional devi-
ation in the target position TP can be corrected.

5.3. Third Modified Example

[0182] In the embodiment described above, whether
or not to terminate the machining is determined based
on the machined width W during the primary milling stage
of a two-stage milling method, but the method for deter-
mining whether or not to terminate the machining can
also be applied to another specimen machining method.
For example, whether or not to terminate the machining
may be determined based on the machined width W like-
wise in a case where a cross-section specimen is pre-
pared using a cross-section polisher (registered trade-
mark).

[0183] FIG. 27 is a diagram illustrating the configura-
tion of a specimen machining device 200 according to
the third modified example. In the specimen machining
device 200 illustrated in FIG. 27, members having similar
functions to the constituent members of the specimen
machining device 100 illustrated in FIG. 1 have been al-
located identical reference numerals, and detailed de-
scription thereof has been omitted.

[0184] In the specimen machining device 200, the
shielding member 30 is a plate-shaped shielding plate
disposed directly on top of the specimen 2. When the ion
beam IB is emitted from the ion source 10, a part of the
specimen 2 that projects from the shielding member 30
is sputtered such that a cross-section of the specimen 2
is exposed in a position on an end surface of the shielding
member 30. Thus, with the specimen machining device
200, a cross-section specimen can be prepared.

[0185] FIG. 28 schematically illustrates the image 12
of the specimen 2 photographed by the camera 60 prior
to machining.

[0186] When the observation subject is a machining
region TA illustrated in FIG. 28, the position in which to
measure the machined width W may be specified using
the cursor C in a similar manner to the case of specifying
the position in which to measure the machined width W
illustrated in FIG. 8 and described above.

[0187] FIG. 29 is a flowchart illustrating an example of
specimen machining processing performed by the infor-
mation processing device 70 in the specimen machining
device 200.

[0188] Asillustratedin FIG. 29, with the specimen ma-
chining device 200, the processing differs from the pri-
mary milling processing illustrated in FIG. 9 in that the
processing S112 for determining whether or not the
number of aggregates is two and the processing S114
for calculating approximate straight lines corresponding
to the edges of the aggregates are not performed. Fur-
ther, with the specimen machining device 200, the
processing S116 for measuring the machined width W
is different.

[0189] FIG. 30 illustrates the processing S116 for
measuring the machined width W in the specimen ma-
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chining device 200.

[0190] As illustrated in FIG. 30, the machined width W
is measured from positions P3 on the inside edges of the
aggregate (the inclined surface 3). The position P3 is the
position of a point where a straight line representing the
position P in which to measure the machined width W
intersects the inside edge of the aggregate. As illustrated
in FIG. 30, as the machining progresses, two points occur
where the straight line representing the position P in
which to measure the machined width W intersects the
inside edges of the aggregate, and the distance between
the positions P3 of these two points serves as the ma-
chined width W. The information processing device 70
measures the machined width W by measuring the dis-
tance between the positions P3.

[0191] FIG. 31 illustrates a modified example of the
method for setting the position P in which to measure the
machined width.

[0192] As illustrated in FIG. 31, the position in which
to measure the machined width W may be specified using
a frame F for specifying the machining region TA. In the
example inthe figure, the shape of the frame F is elliptical,
but there are no particular limitations on the shape of the
frame F, and a rectangular or circular frame may be used.
For example, when the machined width W is specified
using the frame F, the information processing device 70
sets a plurality of positions P in which to measure the
machined width W within the frame F. Then, when all of
the machined widths W measured in the plurality of po-
sitions P equal or exceed the target machined width TW,
the information processing device 70 determines that the
machining is to be terminated.

[0193] With the specimen machining device 200, sim-
ilarly to the specimen machining device 100, the ma-
chined width W can be measured accurately, and as a
result, the timing at which to terminate the machining can
be determined accurately based on the machined width
W.

[0194] The invention is not limited to the above-de-
scribed embodiments, and various modifications can be
made. For example, the invention includes configura-
tions that are substantially the same as the configurations
described in the embodiments. Substantially same con-
figurations mean configurations having the same func-
tions, methods and results, or configurations having the
same objectives and effects as those of the configura-
tions described in the embodiments, for example. The
invention also includes configurations obtained by re-
placing non-essential elements of the configurations de-
scribed in the embodiments with other elements. The in-
vention also includes configurations having the same ef-
fects as those of the configurations described in the em-
bodiments, or configurations capable of achieving the
same objectives as those of the configurations described
in the embodiments. The invention further includes con-
figurations obtained by adding known art to the configu-
rations described in the embodiments.

[0195] Some embodiments of the invention have been
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described in detail above, but a person skilled in the art
will readily appreciate that various modifications can be
made from the embodiments without materially departing
from the novel teachings and effects of the invention.
Accordingly, all such modifications are assumed to be
included in the scope of the invention.

Claims

A specimen machining device for machining a spec-
imen by irradiating the specimen with an ion beam,
the specimen machining device comprising:

an ion source for irradiating the specimen with
the ion beam;

a shielding member disposed on the specimen
to block the ion beam;

a specimen stage for holding the specimen;

a camera for photographing the specimen;

a coaxial illumination device for irradiating the
specimen with illumination light along an optical
axis of the camera; and

a processing unit for determining whether to ter-
minate the machining based on an image pho-
tographed by the camera,

the processing unit performing processing for:

acquiring information indicating a target ma-
chined width;

acquiring the image;

measuring a machined width on the ac-
quired image; and

terminating the machining when the meas-
ured machined width equals or exceeds the
target machined width.

The specimen machining device according to claim
1, wherein, during the processing for measuring the
machined width, the processing unit generates a bi-
narized image by binarizing the image, and meas-
ures the machined width on the binarized image.

The specimen machining device according to claim
2, wherein, during the processing for measuring the
machined width, the processing unit extracts an in-
clined surface formed by the machining, by binariz-
ing the image, determines whether or not the number
of the extracted inclined surface is two, and when
the number of the inclined surface is two, measures
the machined width by measuring a distance be-
tween the two inclined surfaces.

The specimen machining device according to any
one of claims 1 to 3, further comprising a transmis-
sion illumination device for emitting illumination light
that is transmitted through and illuminates the spec-
imen,
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wherein the camera photographs the specimen
while the specimen is illuminated by coaxial illumi-
nation and transmission illumination.

The specimen machining device according to any
one of claims 1 to 4, wherein the processing unit
performs processing for predicting a completion time
of the machining based on a measurement result of
the machined width.

The specimen machining device according to any
one of claims 1 to 5, wherein the specimen stage
includes a swing mechanism for swinging the spec-
imen, and during the processing for acquiring the
image, the processing unit acquires the image pho-
tographed by the camera at a timing when the spec-
imen is horizontal.

A specimen machining method using a specimen
machining device for machining a specimen by irra-
diating the specimen with anion beam, the specimen
machining method comprising:

acquiring information indicating a target ma-
chined width;

acquiring an image of the specimen by illumi-
nating the specimen using coaxial illumination
and photographing the specimen;

measuring a machined width on the acquired
image; and

terminating the machining when the measured
machined width equals or exceeds the target
machined width.
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